The Ehlers Danlos syndromes (EDS) are a heterogeneous group of heritable disorders affecting connective tissues. The mutations causing the various forms of EDS in humans are well characterized, but the genetic mutations causing EDS-like clinical pathology in dogs are not known, thus hampering accurate clinical diagnosis.
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CONCLUSIONS:
This is the first report of genetic variants in the COL5A1 gene causing the clinical presentation of EDS in dogs. These data provide further evidence of the important role of collagen V in dermal collagen fibrillogenesis. Importantly from the clinical perspective we show the utility of DNA sequencing, combined with the established clinical criteria, in the accurate diagnosis of EDS in dogs. 
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BACKGROUND
The Ehlers Danlos syndromes (EDS) are a heterogenous group of heritable disorders affecting connective tissue. In humans, variable clinical manifestations affecting primarily the skin, joints, ligaments, blood vessels and internal organs have been reported. EDS has also been seen in many animal species, including horses [1] , mink [2] , rabbits [3] , dogs [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] , and cats [15] [16] [17] .
Whilst a rare condition in dogs, it has been most frequently reported in Dachshunds, Boxers, St.
Bernard's, Greyhounds, Irish Setters and Poodles [18] .
Abnormal collagen fibril formation is the hallmark of several types of human EDSs including the classical form [19] . In the classical form of EDS, mutations in COL5A1 and COL5A2, which encode the 1-and 2-chain of type V collagen, have been reported [20] [21] [22] [23] [24] [25] [26] . Type V collagen is a quantitatively minor fibril-forming collagen. Several isoforms exist, but the most widely distributed form is the [1(V)]2 2(V)] heterotrimer that co-assembles with type I collagen into heterotypic type I/V collagen fibrils in the extracellular matrix. Type V collagen is thought to regulate the diameter of these fibrils by retention of its large N-propeptide domain, which projects above the surface of the collagen fibril [27] . In humans, mutations in COL5A1 and COL5A2 lead to characteristic collagen abnormalities in the skin with variability in collagen fibril diameter and the presence of collagen aggregates, termed 'collagen cauliflowers' [28] .
Abnormal collagen structure and fibril formation in turn contribute to the clinical signs seen in classic EDS including hyperextensible skin, generalized joint hypermobility and generalized connective tissue fragility [29] .
We report here several dogs with genetic variants in the COL5A1 gene affecting collagen synthesis and structure, analogous to classical EDS in human patients. Furthermore, we describe histopathological and ultrastructural findings associated with the COL5A1 variants in these animals. Collagen protein analysis of one affected individual was also performed.
Methods
Ethics -Blood and skin samples collected from case 1 and the related controls (FB and MY) were approved by the Murdoch Children's Research Institute Animal Ethics Committee (Approval # A815). Case 1 was humanely euthanized at the request of the owner immediately prior to sample collection. This was performed using IV pentobarbitone as per standard techniques.
Blood and skin samples for cases 2 and 3 (RA) were collected as part of routine veterinary diagnostic assessment. Taking of blood samples from healthy control dogs for genetic analysis was approved by the "Cantonal Committee For Animal Experiments" (Canton of Bern; permit 75/16).
Histopathology
Case 1:
One 6 mm diameter punch biopsy was obtained from the dorsum of the 6-month-old Labrador, Biochemical analysis of dermis -Full thickness dermal biopsies were diced with a scalpel and defatted by gentle shaking with cold chloroform:methanol (2:1) for 24 hrs. Tissue was washed with cold methanol and dried under vacuum. Dried tissue was re-hydrated in 50 mM Tris/HCl, pH 7.5 containing 0.15M NaCl. To assist in the uniformity of extraction, the re-hydrated tissue was snap frozen and powered under liquid nitrogen. For collagen analysis a sequential extraction protocol was used to extract the successively more cross-linked collagen matrix as previously described [30] . The freeze-milled dermis was first extracted with 0.15 M NaCl, 50 mM Tris-HCl buffer for 24 h at 4°C to remove the soluble collagens followed by extraction with 4 M GuHCl (Tris-HCl buffer [pH 7.4]), then 0.5M acetic acid, and finally digestion with pepsin at 100 μg/ml in 0.5M acetic acid to sequentially extract the successively more cross-linked and thus mature collagen matrix. To enrich for collagen V, selective salt precipitation of portions of the pepsin extracted collagen was performed [31] . Collagen chains in each extract were analyzed on SDS-gradient polyacrylamide gels (3-8%, Novex), visualized by Coomassie Brilliant Blue staining and quantified as described previously [30] . Pepsin-soluble collagen from rat tail tendon was run on each gel as a standard for quantitation.
DNA extraction and whole genome sequencing
Genomic DNA was isolated from EDTA blood samples of the investigated dogs. For case 1 and case 2, an Illumina PCR-free TruSeq fragment library with ~390 bp insert size was prepared. We collected ~153 and 211 million 2 x 150 bp paired-end reads or ~18 x and ~25 x coverage on an illumina HiSeq 3000 instrument for cases 1 and 2, respectively. The reads were mapped to the CanFam3.1 dog reference genome assembly and aligned using Burrows-Wheeler Aligner (BWA) version 0.7.5a [32] with default settings. The generated SAM file was converted to a BAM file and the reads were sorted by coordinate using samtools [33] . Picard tools (http://sourceforge.net/projects/picard/) was used to mark PCR duplicates. To perform local realignments and to produce a cleaned BAM file, we used the Genome Analysis Tool Kit (GATK version 2.4.9, 50) [34] . GATK was also used for base quality recalibration with canine dbsnp version 139 data as training set. The sequence data were deposited under the study accession PRJEB16012 and sample accessions SAMEA104091568 (case 1), and SAMEA4867923 (case 2), at the European Nucleotide Archive. Additionally, we used 356 additional whole genome sequences as controls, which were either publicly available [35] , produced during other projects of our group or contributed by members of the Dog Biomedical Variant Database Consortium.
Putative SNVs were identified in each of the 358 samples individually using GATK HaplotypeCaller in gVCF mode [36] . Subsequently all sample gVCF files were joined using Broad GenotypeGVCFs 
RESULTS
Clinical assessment -Case 1
A 4-month-old male intact Labrador was examined for several small skin lacerations of the distal limbs, hock and tail base. On physical examination the dog was found to be clinically healthy, with normal skeletal development. Several seroma-like swellings were noted in the regions of skin trauma (hocks, tail base). Aspirates taken from these swellings revealed moderate numbers of erythrocytes with fewer neutrophils and macrophages with proteinaceous debris. These findings were consistent with a seroma or hematoma formation and the dog was treated with amoxycillin/clavulanic acid (Clavulox, Zoetis, Ryde , Australia) and firocoxib (Previcox, Zoetis, Ryde , Australia).
Two months after initial presentation the dog was again examined for ongoing seroma formation and joint abnormalities. On physical examination evidence of generalized joint hyperextensibility ( Figure 1 ) and skin hyperextensibility (Figures 2,3) and fragility was noted.
The dog had a skin extensibility test [38] 
Cases 2 & 3
Two young adult mixed breed dogs were presented for hematomas and skin lacerations after mild trauma. The dogs (siblings) were adopted from an animal shelter is the south east region of Morocco -the prior clinical history and inset of clinical signs were unknown, though it was noted that the dam was unaffected. On physical examination the dogs were found to be clinically healthy, with normal skeletal development. Bruising and skin lacerations were noted on the carpi with oozing, hemorrhagic zones of 3-4cm in size with disruption of the skin barrier (splitting of the skin) in these regions (case 2). Bruising and wounds were noted to occur after only mild trauma. There was hyperelasticity of the elbows (Figure 4 ) and tarsi as well as the skin of the neck ( Figure 5 ) and flank (case 2 and 3), with evidence of previous scarring on the neck (case 2). The rest of the clinical exam was unremarkable for both dogs.
On routine screening blood work for case 2, the hematocrit was normal at 0.48 L/L (0.37-0.55) and total solids 54 g/L (54-78). Whilst skin biopsy of case 2 and 3 were performed, no further diagnostic testing was undertaken. The outcome of these dogs is currently not known. Histological examination of the skin biopsies from these affected siblings revealed abnormal collagen fibers characterized by a severe variability in fiber diameter ranging from thin and wispy to normal thickness. In addition there was shortening of the fibers and fiber disarray.
Histopathology
Abnormal fibers were outlined by increased numbers of fibroblasts. Space between fibers was wider than normal and there was abundant hemorrhage especially in the mid dermis. The dermis and the overlying epidermis were of normal thickness.
Transmission Electron Microscopy
The clinical and histological features discussed above suggested that all three cases may have a form of Ehlers Danlos syndrome. In case 1, tissue was available for detailed ultrastructural analysis and transmission electron microscopy of the dermis revealed abnormal fibril architecture which was also consistent with EDS. While in the control dermis the collagen fibrils were highly organized and aligned and with an approximately circular cross-sectional shape of uniform diameter (Figure 7 , A-D), the affected dog dermis had in addition to this normal fibril architecture a significant second population of disorganized collagen fibrils with large and irregular cross-sectional shapes (Figure 7 , E-H). This fibrillar disorganization has been widely reported in human EDS patient skin [20] and in mouse models of EDS [19] and has also been reported in dogs [11] . Unfortunately, samples were not available from cases 2 and 3 for ultrastructural analysis of collagen fibrillar architecture.
Biochemical analysis of dermis
For case 1 dermal tissue was also available for biochemical analysis of the collagen composition.
Extraction with isotonic neutral pH buffer (NSS), which removes the newly synthesized collagen species, accounted for only a small proportion of the total collagen extracted ( Figure 8A 
Genetic analyses
Case 1: We sequenced the whole genome of the affected Labrador Retriever at ~18x coverage and called SNVs and short indels with respect to the canine reference genome (CanFam 3.1). The heterozygous genotype at this variant in case 1 were confirmed by Sanger sequencing, and the genotypes of the parents were determined (Figure 9 ). In the affected dog, the ratio of wildtype:mutant allele was ~1:1. The sire of case 1 was homozygous wildtype. In contrast, the wildtype:mutant allele ratio was ~4:1 in DNA isolated from blood of the affected dog's dam,
indicating that the mutation event had occurred in the dam and that she was a genetic mosaic. (Table S1 ). DNA from the parents was not available.
DISCUSSION
The clinical presentation in all three cases was consistent with a form of EDS. The most common form of EDS in humans, classical EDS (cEDS) is an autosomal dominant condition [40] .
In 2017, Malfait et al. proposed the International Classification for EDS [29] . With recent developments in next generation sequencing and the discovery of a number of genetic defects in collagen biosynthesis and structure, human EDS has been reclassified into 13 subtypes based on major and minor criteria. Diagnosis of cEDS in humans relies on fulfilling minimal criteria (Table 2) as follows: Major criterion (1) skin hyperextensibility and atrophic scarring; plus either major criterion (2) generalized joint hypermobility and/or at least three minor criteria.
Confirmatory molecular testing is obligatory to reach a final diagnosis.
In case 1, the affected dog met both major criteria. One minor criterion, skin fragility, was also noted in the case history. This animal was 9 months of age at the time of euthanasiait is possible that had the animal survived into adulthood more of the minor criteria would have been met. Regardless, the diagnosis of cEDS in this case was confirmed by the demonstration of the missense mutation of the COL5A1 gene.
In cases 2 and 3 the major criterion of skin hyperextensibilty (case 2 and 3) and atrophic scarring (case 2) was met, however joint hyper mobility was not noted. However, three minor criterion (easy bruising, traumatic splitting of the skin and family history of a first degree relative who meets clinical criteria) were fulfilled. The diagnosis of cEDS in these cases was confirmed by the demonstration of the missense mutation of the COL5A1 gene.
Some confusion has existed as to terminology as ED-like syndrome in dogs has been previously termed cutaneous asthenia. The term cutaneous asthenia in humans is reserved for cases where abnormalities in both collagen and elastin (cutis laxa) exist. The cutis laxa syndromes are no longer included within the EDS classification system and have not been definitely diagnosed in animals. [18] Histopathology is typically pursued when heritable connective tissue disorders are suspected in animals. Morphologic changes in the skin may be absent or subtle on light microscopy, with reported changes typically including abnormal collagen fibers (collagen dysplasia) that are widely separated, finer and/or paler than normal, and haphazardly arranged. An increase in dermal elastic fibers has been described as a rare histopathologic feature of hereditary collagen dysplasia [41] , but a distinction between the various forms of hereditary connective tissue disorders cannot be made based on morphologic assessment of the tissue. In most cases, ultrastructural examination and is required to confirm the collagen abnormality detected by light microscopy [41] .
Histopathology of skin from the 3 affected dogs revealed dermal collagen dysplasia, with collagen fibers that varied in diameter and length and were haphazardly arranged. Case 1 also had an increase in dermal elastic fibers, multifocally; a VVG stain was not performed in cases 2 and 3. Cases 2 and 3 had more dermal fibroblasts and more space between collagen fibers, but this was not a feature of case 1. Dermal thickness of case 1 could not be compared to the control since the sections came from areas of the body with innate differences in dermal thickness, i.e. the back and abdomen, respectively. Cases 2 and 3 had normal dermal thicknesses.
Collagen protein analysis of case 1 showed an apparently normal collagen composition of the EDS skin compared to the control skin, with predominantly collagen I and smaller amounts of collagen III. Both EDS and control samples had, as expected, small amounts of collagen V, mostly in the pepsin-extracted crosslinked collagen fraction. There was no evidence of differentially solubility of any of the collagen fractions suggesting that the incorporation of all collagens into the dermal extracellular matrix was not impeded by the collagen V mutation.
While not able to be quantified accurately, the EDS dermal pepsin extract appeared to contain a reduced amount of collagen V 1(V) chain relative to collagen I 1(I). This is consistent with the heterozygous COL5A1 p.(Gly1013ValfsTer260) mutation characterized in case 1 which, because of the introduction of a premature termination codon would be expected to result in 1(V) mRNA instability (nonsense-mediated mRNA decay) [42] . This would lead to 1(V)
haploinsufficiency. Since collagen V can only form as a protein heterotrimer of 1(V)22(V), this would result in an overall reduction in collagen V protein. A limitation of our studies is that we were unable to extract mRNA from the frozen tissue samples available, or obtain cell lines from case 1 to directly demonstrate the nonsense-mediated mRNA decay of the mutant COL5A1 allele. Haploinsufficiency of COL5A1 has been demonstrated in mice and humans and since the ratio of collagen V:collagen I is important for correct collagen I fibrillogenesis, reduced collagen V is associated with the EM findings of disorganized collagen fibrils and the clinical phenotype of cEDS [19, 21, 43] .
Genetic analysis of cases 2 and 3 revealed a missense variant in the COL5A1 gene, p.(Gly1571Arg). The predicted amino acid exchange occurs in the protein helical domain and by analogy with helix glycine substitution mutations in collagen I in osteogenesis imperfecta, collagen II in chondrodysplasias and collagen III and V in Ehlers Danlos syndrome, would be expected to disrupt collagen helix formation and/or stability. [44] In addition, intracellular retention of this structurally abnormal collagen could result in endoplasmic reticulum stress which can impact cellular function. In addition, the intracellular degradation of the mutant collagen by the cellular quality control machinery may lead to reduced secretion of collagen V containing the mutant 1(V), also resulting in reduced extracellular collagen V available to regulate collagen I fibrillogenesis. Furthermore, any secretion of the mutant collagen V may interfere with collagen interactions in the extracellular matrix. [44] Unfortunately neither dermal tissues, or cells, were available from these dogs to directly explore these pathological mechanisms.
Interestingly, in case 1 the variant was passed on from a clinically non-affected mosaic parent to the offspring. It is however unknown whether the mother was clinically completely normal or showed subtle signs of Ehlers-Danlos syndrome. The genetic analysis of case 1 and its parents confirmed the suspected de novo mutation event. Given that only one proteinchanging de novo mutation event per generation is expected on average, this further strongly supports the causality of the variant for the EDS phenotype. We speculate that a similar independent de novo mutation event has happened in one of the parents of cases 2 and 3.
Unfortunately, no DNA samples from their parents were available and we could not verify this assumption.
Our results are also consistent with recent findings in a cat that was also affected by Ehlers Danlos syndrome due to a de novo mutation in the COL5A1 gene. [45] Together these studies show that whole genome sequencing as part of a "precision medicine" approach can be a valuable tool to obtain a precise definition of the molecular lesion in domestic animal patients suspected to suffer from an inherited disease.
CONCLUSION
To the best of our knowledge, we provide the first report of genetic variants in the COL5A1 and trimers (112) are shown. The disulfide-bonded collagen III trimer is denoted by 1(III)3. Figure 9 . Sanger electropherograms illustrating the c.3038delG variant in case 1 and its parents.
The sequence reads were obtained with a primer in reverse complementary orientation. While the affected dog shows a 1:1 ratio of the two alleles indicating a heterozygous genotype, the skewed allele ratio in the mother suggests genetic mosaicism. The mutant allele in the mother must have been present in white blood cells and in her germline. This confirms that the c.3038delG variant arose by a de novo mutation event during development of the mother.
